Previous studies have shown that the monoterpene ketone I1G-'3H1-menthone is reduced to the epimeric alcohols i-menthol and d-neomenthol in leaf discs of flowering peppermint (Mentha piperita L.), and that a portion of the menthol is converted to menthyl acetate while the bulk of the neomenthol is transformed to neomenthyl-,B--glucoside (Croteau, Martinkus 1979 Plant Physiol 64: 169-175 2Although the systematic name for l-menthone is (5R,2S)-trans-5-methyl-2-(1-methylethyl)cyclohexanone, we have utilized here the more common nomenclature based on numbering of thep-menthane system (i.e. menthone = p-menthan-3-one) in which the methyl-substituted carbon is IR and the isopropyl-substituted carbon is 4S.
13-3Hlneomenthol are separ-ately administered to leaf discs, both menthyl and neomenthyl acetates and menthyl and neomenthyl glucosides are formed with nearly equal facility, suggesting that the metabolic specificity observed with the ketone precursor was not a function of the specificity of the transglucosylase or transacetylase but rather a result of compartmentation of each stereospecific dehydrogenase with the appropriate transferase. A UDP-glucose:monoterpenol glucosyltransferse, which utilized dneomenthol or i-menthol as glucose acceptor, was demonstrated in the 105,000g supernatant of a peppermint leaf homogenate, and the enzyme was partially purified and characterized. Co-purification of the acceptormediated activities, and differential activation and inhibition studies, provided strong evidence that the same UDP-glucose-dependent enzyme could transfer glucose to either i-menthol or d-neomenthol. Determination 2Although the systematic name for l-menthone is (5R,2S)-trans-5-methyl-2-(1-methylethyl)cyclohexanone, we have utilized here the more common nomenclature based on numbering of thep-menthane system (i.e. menthone = p-menthan-3-one) in which the methyl-substituted carbon is IR and the isopropyl-substituted carbon is 4S.
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variety of sources, including tracer studies and analyses of both short term and long term variation in monoterpene content (23, 24) . Rapid and permanent turnover of monoterpenes has been shown to occur in flowering peppermint plants (Mentha piperita L.), and during this period of apparent catabolism, at least some of the otherwise undamaged leaf oil glands are emptied of their contents (3, 9) . Coincident with the decrease in monoterpene content of peppermint leaves is the conversion of the major monoterpene constituent, l-menthone, to i-menthol and to lesser quantities of 1-menthyl acetate and d-neomenthol (4) . Similar metabolic processes occur in other Mentha species (14) . Detailed studies of the metabolism of l-[G-3H]menthone in peppermint leaf discs confirmed earlier observations that menthone was converted to menthol and menthyl acetate, and furthermore revealed that a significant proportion of the 1-menthone was transformed to dneomenthyl-,8-D-glucoside (7, 9) (Fig. 1) . Little neomenthyl acetate or menthyl-,f-D-glucoside was formed from [G-3HJmenthone, indicating a high degree of specificity in the metabolic disposition of the epimeric reduction products of the ketone (i.e. menthol and menthyl acetate accumulate in the volatile oil, whereas neomenthol is specifically converted to the water-soluble glucoside). Further analytical studies and in vivo tracer studies indicated that roughly half of the 1-menthone metabolized was converted to 1-menthol (of which approximately 20%o was acetylated), while the remaining half was transformed to d-neomenthol (of which nearly all was glucosylated) (9) . When l-[G-3H]menthone was applied to leaves ofintact mint plants, the resulting [3Hlneomenthyl glucoside could be detected in the roots, and was shown to undergo subsequent conversion to unidentified polar products at this location (9, 18) . While a number of non-iridoid monoterpenyl glycosides have been reported in plants (2, 5, 12, 19, 26, 28, 30, 32, 33) , including a recent report on the occurrence of l-menthyl-fB-Dglucoside in the rhizomes of Japanese peppermint (Mentha arvensis Mal. x M. piperita L.) (27) , and the suggestion made that such glycosides are transport derivatives (1 1, 15) , studies with peppermint were the first to implicate glycosylation of monoterpenols directly as a prelude to monoterpene metabolism at sites quite distant from the presumed site of synthesis, the epidermal oil glands (6) .
Studies on the metabolism of 1-menthone in peppermint have thus provided a number of interesting findings, not the least of which is the observation that this ketone is reduced to significant quantities of both possible epimeric alcohols, each of which is subsequently conjugated in a highly selective manner were added to the pentane extract which was concentrated to 2 ml and transferred to a micro steam distillation apparatus (8) contamiing 5 ml H20. Distillation was carried out until 3 ml H20 had passed over, and an aliquot of the still pot residue was taken for determination of radioactivity. The aqueous phase of the distillate was saturated with NaCl, and after thorough mixing, the pentane layer was removed, concentrated under a stream of N2 at 0 C, and subjected to TLC (System A) after removal of an aliquot for tritium determination. An After the described work-up, the oximes of d-pulegone and dpiperitone were shown (via radio-GLC) to contain no detectable tritium, indicating that l-menthone was not desaturated to these derivatives in leaf discs. Because of the position of the label in 1-menthol and d-neomenthol (3H at C3), the in vivo oxidation of these substrates to ketones was not determinable. Related experiments suggest, however, that the in vivo dehydrogenation of 1-menthol and its stereoisomers is negligible (7) . Each of the fractions isolated by TLC of the steam-distilled pentane extract was examined for tritium content and further analyzed by radio-GLC under conditions described in the text.
The leaf residue remaining after the above pentane extraction was transferred to a TenBroeck homogenizer with 10 ml hot 0.1 M (NH4)2CO3 (pH 9.0) and, after thorough homogenization, centrifuged at 27,000g for 15 min. The pellet was suspended in water and an aliquot taken for determination of tritium content. Internal standards (10 mg each of the ,8-D-glucosides of i-menthol and dneomenthol) were added to the supernatant, which was then lyophilized after removal of an aliquot for tritium determination. The lyophilized residue was taken up in 5 ml ethanol, 50 mM NH40H (2:3, v/v) and applied to a 2 x 6 cm column of Dowex 1 anion exchange resin (Bio-Rad AG 1-X8 [formate]) which was eluted with 2 bed volumes of ethanol:water (2:3, v/v). The eluant, which contained over 95% of the tritium applied to the column, was concentrated under vacuum and subjected to TLC on Silica Gel G with ethyl acetate:ethanol (6:1, v/v) as developing solvent (System B). Standards were located on the plate by fluorescein spray, and radioactive components by radioscanning. The appropriate materials were eluted from the gel with methanol. Aliquots were taken to dryness under N2 and incubated with 10 units ,B-glucosidase (almonds) in 0.5 ml 50 mm Na-phosphate (pH 5.0) for 3 h at 30 C, after which the ether-soluble components liberated were analyzed by radio-TLC and radio-GLC as described above. Alternatively, aliquots were transferred to the micro steam distillation apparatus with 5 ml 3 N HCl and subjected to the acid hydrolysis-steam distillation procedure previously described (9) . As before, the ether-soluble components liberated were analyzed by radio-TLC and radio-GLC.
Preparation of the Glycosyltransferase. Leaves (5 g containing 5 mM MgCl2, 5 mm mercaptoethanol, and 0.25 mM dithioerythritol, dialyzed against this same buffer for several hours, and then applied to a Sephadex G-100 column (2.5 x 120 cm) previously equilibrated with the same buffer. Proteins were eluted (-0.34 ml/min, 5.6-ml fractions) while monitoring the column effluent at 280 nm. Fractions containing glucosyltransferase activity were pooled, concentrated by ultrafiltration (Amicon PM-30), and, when necessary, adjusted to appropriate assay conditions by dialysis. Protein in partially purified preparations was determined by the standard Lowry method. For preparing particulate fractions, the same extraction buffer was used, except that soluble PVP (Plasdone K-90, mol wt = 400,000, GAF Corp.) was substituted for the insoluble polymer, and that the XAD-4 treatment and preliminary filtration were omitted. Particulate fractions, prepared by differential centrifugation, were washed before the assay (by suspension and recentrifugation) with 50 mm Na-phosphate buffer (pH 7.7), containing 5 mM MgCl2, 5 (or other menthol stereoisomer), and 1.0 mm UDP-glucose, in a total volume of 1 ml 50 mm Na-phosphate buffer (pH 7.7, containing MgCl2, mercaptoethanol, and dithioerythritol as indicated above) was incubated in a sealed tube at 30 C for up to 2 h. The reaction was stopped by heating for 2 min at 90 C, and the chilled samples were extracted with ethyl acetate (2 x 2 ml) to remove residual substrate. The aqueous phase was lyophilized after the addition of internal standard (10 mg appropriate fi-D-glucoside), and the residue obtained was taken up in 0.3 ml ethanol:water (2: 3, v/v). In assays of crude preparations (105,OOOg supernatants, (NH4)2S04 precipitates, particulate fractions), the suspended residue was filtered through a small glass wool-plugged column containing a 0.5 x 1 cm layer of Dowex 1 (Bio-Rad AG 1-X8
[formate]). This procedure, which was unnecessary with the Sephadex G-100 purified preparation, served to remove denatured protein and phenolic substances from these cruder samples before the isolation of the biosynthetic glucoside product by TLC (System B: neomenthol glucoside RF = 0.45; menthol glucoside RF = 0.41). Appropriate boiled controls were included in each experiment, with individual controls in those experiments in which different control values were possible (pH optimum, response to cations, etc.). In all instances, nonenzymic glucosylation of menthol and its stereoisomers was negligible. Preparation of, and Assay for, Acetyltransferase. The soluble acetyl-CoA:monoterpenol acetyltransferase from peppermint leaves was prepared and purified by combination of Sephadex G-100 gel filtration and chromatography on O-diethylaminoethylcellulose as described previously (7) . Assays were run as before (7), with saturating levels of acetyl-CoA (0.5 mM) and the appropriate concentrations of the tritium-labeled menthol stereoisomers, and the acetylated biosynthetic products were isolated by TLC after the addition of the corresponding internal standard.
Chromatography and Determination of Radioactivity. TLC was carried on activated (4 h at 110 C) Silica Gel G (EM Laboratories) plates of 1-mm thickness. Developing solvents are indicated elsewhere in the text. After development, the chromatograms were sprayed with an ethanolic solution of 2,7-dichlorofluorescein (0.2%, w/v) and viewed under UV light to locate the appropriate product. Radioactive monoterpenyl glucosides were also located by scanning the plate with a Berthold TLC radioscanner. Radioactivity in TLC fractions was determined either by eluting the material from the gel (ether or methanol), or by scraping the gel directly into a counting vial followed by either the addition of 15 ml Permablend III cocktail described below (for monoterpenes or monoterpenyl acetates) or the addition of 1 ml water and 15 ml Fisher Scientific ScintiVerse (for monoterpenyl glucosides). Radioactivity in aqueous samples was determined directly in ScintiVerse (34% efficiency for 3H). Organic liquid samples were assayed in a counting solution consisting of 0.55% (w/v) Permablend III (Packard) dissolved in 30%1o ethanol in toluene (37% efficiency for 3H). All assays were done with a standard deviation of less than 3%.
Radio-GLC was performed on a Varian chromatograph attached to a model 7356 Nuclear Chicago radioactivity monitor nonvolatile metabolites were isolated. The steam-volatile metabolites were separated by TLC into a monoterpenol fraction and a mixed monoterpene ketone-monoterpenyl acetate fraction (from which the ketone was subsequently removed and determined as the oxime), and each fraction was analyzed by radio-GLC. The water-soluble metabolites were treated with Dowex 1 anion exchange resin to remove phenolic substances, and then subjected to TLC (System B) to allow separation of the monoterpenyl glucoside fraction (RF = 0.41-0.45) from the previously noted (9) unidentified metabolite (RF = 0.32-0.35). Acid hydrolysis of the glucoside, or ,B-glucosidase treatment, liberated the terpenol aglycone, which was isolated by steam distillation and subsequently analyzed by radio-GLC.
Analysis of the aglycone from the glucoside fraction derived from l-[G-3H]menthone (Fig. 2a) revealed the presence of dneomenthol with a very minor amount of i-menthol, confirming the preferential formation of d-neomenthyl-,6-D-glucoside from the ketone precursor as previously described (9) . Radio-GLC examination of the terpenyl acetate fraction derived from 1-[G -3Hlmenthone (Fig. 2d) (Fig. 2, c and f) also gave evidence for the presence of the corresponding fi-D-glucoside and acetate. Determination of radioactivity in all fractions, coupled to the verification of each product by radio-GLC, provided the quantitative data in Table I . The incorporation of labeled substrate was over 50%o in each case, and in each case over 60%1o of the incorporated label could be accounted for in the metabolites noted. The rest was largely contained in the previously noted, but unidentified, water-soluble metabolite more polar than the glucosides (9) , with lesser amounts in hexane-soluble, nonvolatile substances and insoluble material. The preferential synthesis of dneomenthyl-fl-D-glucoside and 1-menthyl acetate from l-menthone is, again, apparent, and while a minor amount of i-menthol-ft-Dglucoside was formed (as was noted previously [9] ), the level of dneomenthyl acetate formed was below the detectable level. Conversely, when the alcohol substrates i-menthol and d-neomenthol were employed as substrates, 1-menthyl glucoside and d-neomenthyl glucoside were formed with nearly equal efficiency, as were the epimeric acetates. Thus, the specificity of product formation observed from l-menthone was not reflected on direct administration of the derived epimeric alcohols. These results strongly suggest that the glucosyltransferase and acetyltransferase (7) are not highly specific enzymes, and that the specificity observed with the ketone substrate results from compartmentation of the menthol-specific dehydrogenase with the acetyltransferase, and of the neomentholspecific dehydrogenase with the glucosyltransferase (a compartmentation effect clearly overcome by direct administration of the reduction products of menthone).
Based on earlier experiments, we had suggested that the site of glucosylation was more accessible to exogenous [3H]menthone than to endogenous menthone generated from "4CO2 (9) . The ready formation of the glucoside from each exogenous monoterpene (Table I) [9] ). Terpenyl glucosides were not formed in the absence of UDPglucose, or when UDP-glucose and either 3H-labeled terpenol were incubated with boiled enzyme. Less than 5% of the total transglucosylase activity was present in particulate fractions prepared from the homogenate by differential centrifugation, and this activity was not examined further.
The soluble preparation was concentrated by (NH4)2SO4 precipitation (0-70%), and the concentrate separated by chromatography of Sephadex G-l00 (Fig. 3) . (Fig.  3) . The release of the ether-soluble aglycone was then monitored, but neither free [3Hineomenthol nor [3HJmenthol could be detected, indicating the absence of 8-glucosidase activity in the glucosyltransferase region. Column fractions containing the glucosyltransferase activity were combined and concentrated by ultrafiltration (Amicon PM-30), and this partially purified preparation was used in all subsequent experiments.
Properties ofUDP-Glucose:Monoterpenol Glucosyltransferase. The apparent mol wt of the glucosyltransferase from peppermint was determined to be about 46,000 by gel permeation chromatography on a calibrated Sephadex G-00 column, the activity eluting slightly before ovalbumin (mol wt 43,500). A variety of plantderived glucosyltransferases, which transfer glucose to both hydrophobic and hydrophilic alcohols, exhibit mol wt in the 40,000 to 60,000 range (17, 31) . (Fig. 4) . The pH curves with either dneomenthol or i-menthol as glucose acceptor were nearly identical. In 70 mm Tris-sodium maleate buffer, the pH curves with either neomenthol or menthol as co-substrate were again very similar, but considerably broadened. The pH optimum in both instances was about 7.3 with half-maximal activities at pH 6.0 and 8.5. While no other UDP-glucose:monoterpenol glucosyltransferases have been described thus far; a variety of other glucosyltransferases, that transfer glucose to hydrophobic acceptors, exhibit optima in the pH 7.0 to 8.0 range (16, 31, 34) . A similar decrease in pH optimum in Tris buffer (relative to Na-phosphate) has also been observed with other glucosyltransferases (17) .
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The effect of metal ions on glucosyltransferase activity is described in Table II . Magnesium ion stimulated activity, with a maximum increase in activity (at 20 mM) of about 30%o above the control level. Certain transglucosylases of plant origin have been shown to be stimulated by Mg2+ (31) , although for other enzymes of this type, the cation is without significant effect (16, 17) . The manganese cation exhibited a consistent but very slight degree of stimulation, while the other cations tested (Co2+, Ni2+, Ca2+, Zn2+) were significantly inhibitory at the 5 mM level. Unlike the operationally soluble enzyme described here, membranous glucosyltransferases are generally stimulated by Ca2+ (1) . As indicated in Table II , the effect of metal ions on the rates of glucosylation of d-neomenthol and i-menthol was nearly identical.
The effect of thiol-directed reagents on the glucosyltransferase (Table III) ; a procedure which resulted in a significant (75%) decrease in activity that was only partially restored by readdition of the thiol-protecting reagent (controls dialyzed against 5 mm mercaptoethanol for an equal length of time lost <10%o of the activity). The residual activity remaining after removal of mercaptoethanol was very sensitive to low levels of p-hydroxymercuribenzoate (10 AM) and heavy metals (0.1 mm, in the presence of 5 mM MgCl2). Thus, activity was severely diminished by the removal of thiol-protecting reagents and by the presence of thiol-directed reagents, suggesting that a thiol function(s) is essential for activity, as is the case with other transglucosylases (16, 17, 31 (Fig. 5) . The Km and V for d-neomenthol were determined to be 48 tLM and 52 nmol/h. mg protein, respectively; while for 1-menthol, the corresponding values were 59 AM and 50 nmol/h .mg protein, illustrating the lack of specificity with regard to the epimeric glucose acceptors. Since the monoterpenol substrates were dispersed with Tween 20 and were not in a true solution, these values should be taken with the usual precautions. It should be noted, however, that Tween 20 had no apparent effect on transglucosylase activity when present at 10-fold the concentration present in the substrate. As was observed for the present transferase, the Km for UDP-glucose is often many times higher than that for the glucose acceptor (16, 17) . While purification of the transglucosylase to homogeneity would provide the only conclusive proof that the same, relatively nonspecific, enzyme utilizes all the menthol isomers, the coelution of activities on Sephadex G-100, the response to pH and differential stimulation and inhibition, and the kinetic data all strongly suggest this possibility. This is the first report on the isolation and properties of an enzyme which is capable of synthesizing monoterpenyl glucosides and which participates in a well defined metabolic sequence. The glucosyltransferase from peppermint is unremarkable in its properties, and probably typical of the class of enzymes responsible for the occurrence of monoterpenyl glucosides in numerous other species (2, 5, 12, 19, 26, 28, 30, 32, 33) .
Substrate Specificity of Acetyltransferase. The acetyl-CoA: monoterpenol acetyltransferase involved in the synthesis of 1-menthyl acetate in peppermint has been partially purified and characterized (7) . As (7) in which relative rates were compared at a single acceptor concentration of 0.8 mm. Although the kinetic constants should, again, be taken with the usual precautions, it is obvious that the enzyme is not highly selective, and it clearly does not readily distinguish between i-menthol and d-neomenthol (which were also shown to be mutually competitive inhibitors). d-Neoisomenthol (derived from d-isomenthone) and i-menthol (derived from l-menthone), while epimeric at the isopropyl-substituted carbon, both exhibit the same 3R configuration of the hydroxyl-substituted carbon, suggesting derivation from the same stereospecific dehydrogenase (a suggestion supported by genetic studies [20] ). In the same way It is clear that the selectivity of product formation from 1-menthone cannot be attributed to the specificity of the transferase enzymes, but must be ascribed to compartmentation effects. Because the relative activities of the two transferases appear to be sufficiently different to suggest that, in the presence of both enzymes, glucoside formation would predominate, it is necessary to postulate that the dehydrogenase specific for i-menthol synthesis is accessible primarily to the transacetylase, whereas the dehydrogenase specific for d-neomenthol synthesis is accessible to the transglucosylase (and perhaps the transacetylase as well). The system is not absolutely specific, in that exogenous i-menthone is converted to low, but significant, levels of i-menthyl-,/-D-glucoside (Table I) , and in that d-neomenthyl acetate has been identified as a minor constituent of peppermint oil (29) In any case, the in vitro and in vivo studies, as well as analytical studies, are all consistent with the presence of two distinct sites for the selective conversion of 1-menthone to i-menthol (and the corresponding acetate) on the one hand, and to d-neomenthol (and the corresponding glucoside) on the other. Although preliminary evidence suggests that the sites are differentially accessible to exogenous precursors and to precursors generated endogenously (9) , the nature of the postulated compartments is not known.
The rationale for two distinctive pathways for menthone metabolism is also not clear. The fact that neomenthyl glucoside formed in leaves can be later isolated from the roots (9, 18) has provided the first direct evidence supporting the hypothesis that monoterpenyl glucosides are transport derivatives (11, 15) , while the recent finding that neomenthyl glucoside is subsequently converted to other metabolites (unidentified) in the roots (18) suggests that this pathway may have a specific physiological function. Alternatively, it is also possible that the glucosylation pathway in peppermint (which is probably operational in other mint species as well [27] ) may be a manifestation of a more general process such as that responsible for the metabolic conjugation of xenobiotic substances in plants (13) . Further studies are underway in an attempt to define in greater detail this novel metabolic system.
